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dayswere identified in termsof theirAerosolOpticalDepth (AOD) loadingoverHyderabad.On the hazyday, a huge
spreadofhazewasobservedovertheeasternpartofIndiabyMODerateresolutionImagingSpectroradiometer(MODIS)
onboardTerrasatellitewhich isrepresentedbyhighAerosolOpticalDepthat550nm.In–situobservationsonhazyday
showedanenhancementofcolumnarAOD500 respectivelyby4.5and1.8 fold in comparison to clearandnormaldays.
Significant increase in the scattering coefficient and amoderate enhancement of Single Scattering Albedo (SSA) are
observedonhazydaycomparedtonormalday.StudyalsoshowedthatDiffuse–to–Direct–beam irradianceRatio(DDR)
hadincreased4.5timesat496.6nmspectralbandonhazyday.LIDAR(LIghtDetectionAndRanging)observationsonhazy
night showeda threefold increase inaerosolbackscatteringbelow theAtmosphericBoundaryLayer (ABL)compared to























role inEarth’s radiativebalance (Ramanathanetal.,2001)and in




tionsandreside intheatmosphere fordaystoweeks (Houghton,




restricts solar radiation to reach the surfacebutalso reduces the
rateoflongwaveemissionfromthesurface(Charlsonetal.,1992;
Schwartz andAndreae, 1996).A solar radiationdeficitof around







and its formationmechanisms (Husar et al., 1987).Haze is influͲ
enced by its emitting sources, transport, transformation and its
removal fromtheatmosphere (Husaretal.,1981).Sulfate (SO4–2)
has been identified as the dominant species associated with
summerhaze inEasternU.S (Wolff,1984).Tanetal. (2009)have
indicatedaremarkablyrapid increaseofsecondarypollutantsand
a significantlyhigherOrganicCarbon (OC)/ElementalCarbon (EC)
ratioonahazydaytoanormaldayinGuangzhou,China.

Over India,oneof thehighlypopulated and fastdeveloping
countries, haze/fog is a frequent phenomena under favorable
meteorological conditions during the winter but the causes of
summer haze are different. Summer haze over these regions is
mainlycausedbyforestfiresandagriculturalcropresidueburning
which emits remarkable amounts of carbonaceous and traces
gasestotheatmosphere(Tripathietal.,2006;Ramanathanetal.,
2007; Badarinath et al., 2009). By these emissions, atmospheric
chemistry gets altered and thereby radiative budget of the
troposphere.Aspecificthrustwasgivenduring1999INDianOcean
EXperiment (INDOEX) campaigns, to understand the role of
anthropogenicemissions in formationofAsianhazeand itseffect
onalteringradiationbudget(Ramanathanetal.,2001).Over Indo
Gangetic Plain (IGP), which is characterized as a hot spot of
anthropogenicemissionsinsouthAsia(Ramanathanetal.,2007),a
nearly30% increase inEC,OCandWaterSolubleOrganicCarbon
(WSOC)was reported by Ram et al. (2012) during haze and fog
events.

Aerosol Radiative Forcing (ARF) can be defined as the
variations in the radiative flux at the surface and Top of the
Atmosphere (TOA) due to change in aerosol amounts in the
atmosphere. ARF depends upon not only aerosols’ physical and
optical properties but also their horizontal and vertical extent.
Based on different kinds of natural or anthropogenic sources of
origin, physical and optical properties of aerosols are varying.
Aerosolscanchangetheirpropertiesduringtransportasdifferent
aerosolsoftenclumptogethertoformcomplexmixtures.Thesign
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Black Carbon (BC), they can change the sign of forcing from
negative topositivecausingaheatingeffect (Heintzenbergetal.,
1997).Whenblackcarbonparticles fromsootorsmokemixwith
nitrates and sulfates, or coat the surfaces of dust, they create
hybrid particles and thereby alter radiative forcing in a complex
way.Becauseofthe inherentproblemswithsatelliteobservations
it isverydifficult tocharacterize theatmosphericaerosols,which
enhance theuncertainty inestimating theiroverallclimaticeffect
(Morganetal.,2006;RemerandKaufman,2006;Yuetal.,2006).
Therefore to reduce the uncertainty in estimating ARF, well











Present study was conducted at the premises of National
Remote Sensing Centre (NRSC), Hyderabad (17.47 N, 78.43 E).
Hyderabadisthecapitalofthe5thlargestpopulatedstate,Andhra
Pradesh (84.7million) in India.Hyderabadalonehasapopulation
of 4.01million (http://censusindia.gov.in/). Vehicular and other
anthropogenic emissions are the major sources in the city but
episodic long–range transport of dust and emissions from forest
fires and agricultural residueburning also influence the city.The
four dominant seasons prevailing here are winter (December–
February), pre–monsoon (March–May),monsoon (June–SeptemͲ
ber) and post–monsoon (October–November). Fifty years (1951–
2000) climatology data of Hyderabad obtained from India
Meteorological Department (www.imd.gov.in) shows the maxiͲ
mumandminimumtemperaturesoccurduringthemonthsofMay
and December respectively. The peakmaximum temperature of
41.4°Cwasrecordedduringtheyear1984andthelowestvalueof













Terra/Aqua–MODIS.MODerate Resolution Imaging SpectroradioͲ
meter(MODIS)(Salomonsonetal.,1989;Kingetal.,1992)isakey
instrument onboard TERRA/AQUA satellites having 36 spectral
channels. Itacquiresdata in threedifferent spatial resolutionsof
250m (channels 1 and 2), 500m (channels 3 to 7), and 1km
(channels 8 to 36) covering visible, near infrared, short–wave
infrared,andthermal–infraredchannelscapableofremotesensing
clouds,aerosolsandwatervapor. In thepresent study, reflective
dataduringahazydaywasobtainedfromLAADSwebsite(Level1
andAtmosphereArchieveandDistributionSystem).Level1MODIS
data (HDF EOS), channels 1 (0.645ʅm), 3 (0.469ʅm) and 4
(0.555ʅm)waspassedthroughHDF–EOSGeoTiffConversionTool
to reformat and re–project the data. True color composite
(Channels1,4,3combination)ofTerraMODISwasusedforvisual
analysis. Level 3 MODIS AOD data at 550nm obtained from





Sun Photometer. Ground basedmeasurements on aerosols and
columnarwatervaporcontentwerecarriedoutusingMicrotops–II
sunphotometer (Solar instruments,USA)atwavelengths380nm,
440nm, 500nm, 675nm, 870nm and 1020nm (Morys et al.,
2001). Itprovides instantaneousAODbymeasuring instantaneous
solar flux in conjunctionwith a set of calibration constants and
location information from an in–built GPS receiver. Angstrom





where, AODʄ is the approximated aerosol optical depth at the
wavelength ʄ, ન is the Angstrom’s turbidity coefficient, which
equals AODʄ at ʄ=1ʅm, and ɲ is the Angstrom exponent. The
Angstromparameterɲ isameasureof the ratioofaccumulation






<0.01 for higherwavelengths (Porter et al., 2001; Ichoku et al.,
2002) and uncertainties associated with pressure correction for
molecular optical depth estimation is a0.3% at the pressure of
1013mb.

Aethalometer. Absorbing black carbon measurements were
carried out using AE31 Aethalometer (Magee Scientific,USA). In
this instrument,airwaspassed throughaquartz fiber filter tape
forafixedamountoftimewithapre–selectedflowrateof3LPM.
Due todepositionofaerosolson fiber tape, lightattenuatedand
this attenuation was measured by Aethalometer at seven
wavelengths (370nm, 470nm, 520nm, 590nm, 660nm, 880nm
and950nm)with880nmbeingtherecommendedchannelforBC
measurements. In the present study, spectral absorption coeffiͲ
cient (babs)wascalculated fromtheattenuationmeasurementsat
different wavelengths by adopting the method suggested by
Weingartneretal.(2003).Inherentuncertaintiesinthefilterbased
absorptionmeasurementswerediscussedelsewhere(Arnottetal.,
2005). Uncertainty associated with the Aethalometer measureͲ
mentisaround10%asreportedbythemanufacturer.

Nephelometer.Using awell calibrated integratedNephelometer
(TSI 3563, TSI Inc,USA), total and back scattering coefficientsof
aerosolsweremeasured at threewavelengths (450nm, 550nm
and 700nm) during study days. Subsequently aerosol scattering
coefficients (ʍ)were calculated after removing the angularnon–
idealitiesfollowingthemethodsuggestedbyAndersonandOgren
(1998). Details of uncertainties associated with Nephelometer
measurements were described by Anderson et al. (1996). They






derive important aerosol optical properties like extinction
coefficient (ɸ), Single Scattering Albedo (SSA) and asymmetry











SlNo Platform Instrument ParameterMeasured References
1 Satellitebased MODIS–Terra/Aqua AODat550nm Kingetal.(1992)
2 Groundbased Sunphotometer SpectralAOD Morysetal.(2001)
3 Groundbased Pyranometer SolarIrradiance www.kippzonen.com/product/13/cmp–11–Pyranmeter
4 Groundbased Aethalometer Blackcarbon(μgm–3) Hansenetal.(1984)














Asymmetry parameter (g) is the mean value of Cosine of
scatteringangleover the total solidangleweightedby thephase
function (Satheesh et al., 2004). It depends on the size and
compositionof theparticles.Many researchershaveprovidedan
alternate approach for deriving asymmetry parameter g using
backscattering fraction (B=ʍbsp/ʍsp),which is the ratio of light









irradiancewas carried out using a Pyranometer (Model CMP11,
Kipp& Zonen, Inc, USA). Itmeasures the ground reaching solar
irradiance (Wm–2) on a plane surface, which includes both the
direct and diffuse solar radiation incident from the hemisphere
above. Diurnal variation of solar irradiance was analyzed to





MFRSR. The Multi–Filter Rotating Shadow band Radiometer
(MFRSR) uses narrow bands at 415.6nm, 495.7nm, 614.6nm,
672.8nm,868.7nmand936.6nmwithFWHMa10nmtomeasure
direct normal, total horizontal, and diffuse horizontal irradiance
(Harrison et al., 1994). In the present study, spectral irradiance
data obtained from MFRSR was analyzed to investigate the
Diffuse–to–Directbeam irradianceRatio(DDR)tocharacterizethe
hazeevent.TheDDRminimizesany instrumentalerror indiffuse




measurements is that of the extraterrestrial response inferred
from Langley regression.Harrisonet al. (1994)havediscussed in
detailtheaccuracyofthisprocedure;thestandarddeviationofthis





from National Atmospheric Research Laboratory (NARL), a
DepartmentofSpaceunit,locatedatGadankiinthesouthernpart
of India. The LAMP system is fabricated atGeneralOptics (Asia)
ltd., Pondicherry under the supervision ofNARL. The LAMP is a
high performance compact lidar system that operates on the








define the amount of backscattering. The altitude profile of
molecular number density was calculated using the equation
suggested by Reddy and Kumar (2013), employing the vertical
profiles of temperature and pressure data obtained fromNOAA
READY site (http://www.ready.noaa.gov/). Backscattering coefͲ
ficientfromthelidarsignalwasthencalculatedusingtheinversion
technique suggested by Klett (1981). The lidar signals are
background and range corrected before subjecting to inversion
analysis. Altitude profiles of aerosol backscattering coefficient





Santa Barbara DISORT Atmospheric Radiative Transfer
(SBDART)isasoftwaretoolthatcomputesplane–parallelradiative
transfer in clear and cloudy conditions within the earth’s
atmosphereandatthesurface.Thecode iswellsuitedforawide
variety of atmospheric radiative energy balance and remote
sensing studies (Ricchiazzietal.,1998).SBDARTusesnumerically
stablealgorithmtosolvetheequationsofplane–parallelradiative
transfer in vertically inhomogeneous atmosphere. Themeasured
and derived physical and optical parameters likeAOD, SSA, g, ɲ
andvisibilitywereusedtoestimatetheaerosolradiativeforcingin
ShortWave (SW) region (0.25ʅm to 4ʅm) by incorporating into
SBDARTmodel.Since thestudysiteHyderabad, isanurbanarea,
surface albedowas taken as a combinationof two basic surface
types, i.e. sand and vegetation. In our study, we considered
tropical atmospheric profile to run SBDART separatelywith and
withoutaerosolstoestimateaerosolradiativeforcingattheTopof
the Atmosphere (TOA) and surface. The difference between the
TOAandsurface forcingwas takenasatmospheric forcing,which
representedtheamountofenergytrappedwithintheatmosphere
due to the presence of aerosols. The overall uncertainty in the
estimatedforcing,isduetothesmalldeviationsinthesimulations
and uncertainties in the surface parameters used as input to
SBDART. Ithasbeen reportedbyRicchiazzietal. (1998) that the







Synoptic view of satellite observations on a hazy day
(29March 2012) as observed by MODIS Terra is shown in
Figure1a.Truecolorcompositionofsatellitedataobservationson
hazyday showedahuge spreadofhazeover theeasternpartof
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the Indianregion.Thevisualappearanceofhazewas investigated
using TerraMODISderivedAOD550data,whichwere assigned to
fourdifferent colors corresponding to four regrouped categories:
<0.35, 0.35–0.55, 0.55–0.75 and >0.75 values as shown in
Figure1b. Detailed procedure is given elsewhere (Gharai et al.,
2013).From theFigure1, it isevident thathazyappearanceover
theentireeasternpartofIndia isrepresentedbyhighAODvalues
(>0.55).ThishighvalueofAODvirtually reduces thevisibilityand















870nm) using Equation(1) over a period of 2009–2012 are,
respectively,showninFigure2aandFigure2b.Thebinintervalsfor
AODsand“ɲ”weresetupto0.20. Itcanbeseenfromthefigure





considered to be clear and normal days in the current study. In
addition these, twodatesare close to thehazeeventandhence
considered as reference study days. The frequency histogram of
“ɲ” in the years 2009–2012 during pre–monsoon (Figure2b)
clearlyindicatesthepresenceofamixtureoffineandcoarsemode
particles.Therangeofɲvariesmainly from0.4to1.4accounting













hazy day compared to clear day (ɲ=0.33), which implies the
enhancement of accumulation mode of aerosols in lower
troposphereon29March2012.

Daily averaged absorption coefficient (babs) calculated using
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coefficient is calculated by negative slope of absorption vs.
wavelength ina log–logplot(forwavelengths370nmto950nm).
ThusthevalueofAAEisameasureofthestrengthofthespectral
variation in aerosol light absorption. AAE a2.5 indicates strong
spectral dependence on biomass burning aerosols and AAE a1
indicatesweakspectraldependenceonthemotorvehicleaerosols
(Kirchstetter et al., 2004; Bergstrom et al., 2007; Praveen et al.,
2011).AnAAE valuebetween 1 and 2 could be an indication of
aerosolsofmixedoriginoffossilaswellasbiomassfuels(Praveen
et al., 2011). An AAE=1.2was reported during SAFARI, 2000 for
hazesamplesaloft(Bergstrometal.,2004).Inourstudy,meanAAE
values calculatedwere 0.98, 1.03 respectively for representative
clearandnormaldays.Whereasonhazeday itwas1.10 (1<AAE
<2), which indicates the presence of mixed origin of fossil and
biomass fuels on that day. To investigate the effect of forest/
agricultural residue burning on the haze event,we analyzed the
spatialdistributionofMODISfirelocations(during09:00–10:30LT)
inconjunctionwiththespreadofhazyappearanceonMODIStrue
color composite (not presented here). It was observed that a
moderate number of fire locations coincide with the spread of
haze layer, indicated its partly contribution on haze formation.
Moreover, since the study period is in peak summer and
Hyderabadbeinganurbansite,backgroundlocaldustisoneofthe
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Spectral variation of day averaged scattering coefficient is
illustrated in Figure 3c. Aerosol scattering coefficient (ʍ) has
increased from 150Mm–1 to 250Mm–1 at 550nm during haze
event compared to that of a normal day. Nephelometer obserͲ
vations were not available on 2 March 2012 as it was under
calibrationprocess.Thespectraldependenceofaerosolscattering
coefficient follows same Angstrom power law as described by
Equation (4). The Scattering Angstrom Exponent (SAE) was
calculatedbynegativeslopeofscatteringvs.wavelength ina log–
logplot(forwavelengths450nmto700nm).Duboviketal.(2002)
have suggested that the scattering Angstrom exponent value
around 2 implies an aerosol volume size distribution with
scatteringdominatedbysmallparticles (diameter<1μm),whilea
volume distribution dominated by coarse particles (diameter
>1μm)hastypicallyasmallervaluearound1.InourstudysiteSAE
has increased to 1.65 on haze day compared to normal day
(SAE=1.45)attributedtotheenhancementoffinemodescattering
particles. To examine the possibility of enhancement ofAOD on
the haze day due to presence of highwater vapor content,we
analyzed the columnar water vapor data using microtops sun–
photometer measurement. Study shows that during this period
averagecolumnarwatervaporhasalittleenhancementfrom1.2–
1.3gcm–1,whichsuggestthatthecontributionofwatervaporon
altering scattering/absorbing properties is not very significant.
Studyrevealedthathazeformationon29March2012wasdueto
a combination of different phenomenons like fossil fuel and




in–situobservationson thenormal and thehazydayswere 0.84
and 0.87, respectively indicating the enhancement of scattering
particleson thehazeday.A similar SSA valueof0.88 at 550nm
duringhazyskydayswasreportedbyNiranjanetal.(2007).Inthe
present study,averageasymmetryparameter gonhazydaywas
found tobe0.55.The valueofg rangesbetween –1 forentirely
backscattered light to +1 for entirely forward scattered light









Diurnalvariationsof solar irradianceon studydaysobserved
byPyranometer (CMP11) inSW region (285–2800nm)showeda
clear reduction of down welling solar radiation due to the
enhancedaerosol layeronthehazyday(figurenotshown).Study
revealedthataveragesolarirradiancereducedby26%onthehazy
day (morning 06:30 h to evening 18:30h)when compared to a
clearday.

To access the impact of AOD on spectral solar radiation,
observedAODanddiffusetodirectratio(DDR)atdifferentMFRSR
spectralwavelengthswereanalyzed.ThescatterplotofAODand
DDR isshown inFigure4. It isclearfromthefigurethatthevalue
ofDDRduring theclearday ismuch lower than thaton thehazy
day. The increase in aerosol loading and spreading over a large
area (Figure1) resulted inhigherDDRof solar irradianceonhazy
dayasevidentinthisfigure.IntheFigure4,DDRvaluesareplotted




comparison toother studydaysaremorepronounced in shorter








for the study period. LAMPwas operated in the evening hours
(aftersunset)oncloudlessnights. IntheFigure5toppanelshows
the time height cross section of range corrected backscattered
photons collected between 19:00–06:00 LT (Local Time) on the
observational nights at the lidar site. Bottom panel shows the
backscatteringofnocturnalaerosolandtheiraltitudinalvariations
during 22:00–22:30 LT, which was chosen as a representative
windowduring thethreestudynights.Theverticalprofilesofthe
backscatter coefficient are averaged for 30minutes (22:00–
22:30LT). A large vertical variation of aerosols was observed
during the study nights. The variation of the aerosol vertical
profiles in three study days could be related to many meteorͲ
ologicalandphysicalparameterslikeconvection,dynamicsofABL,
long–rangetransportofaerosolsanditsassociatedpropertiesand
horizontal and verticalmotion of thewind. A deep pronounced
aerosol rich layer below the atmospheric boundary layer
(ABL<2.5km) was observed on the hazy night. A threefold
enhancement of aerosol backscatteringwas observed below the
ABLheighton29March2012during22:00–22:30LTcomparedto
normal representative night of 19 March 2012. It was also
observed that the aerosol layer has pushed theABL to a higher
altitudeonthehazynightasevident inthetoppanelofFigure5.
Presenceof large scatteringaerosolsduringday time is confined
mostly below the ABL during night time of haze event. Cloud
formation isalsoobservedonhazynightafter23:00LTabovethe
ABL,which isevidentbythehighbackscatteredphotoncountsas









are estimated using measured aerosol properties and derived
parameters as inputs to SBDART. Theamountof energy trapped
within the atmosphere due to presence of aerosols is the
difference between TOA and surface forcing. Aerosol radiative
forcing was estimated independently for the haze day and the
normaldayas shown in Figure6.Negative forcingwasobserved
bothatTOAandatthesurfaceforboththestudydays.Duringthe
normal day, surface and TOA aerosol forcing estimated are
respectively –53.90Wm–2 and –6.24Wm–2. On the haze day
(29March2012)asignificantly increasednegativesurface forcing
of –87.82Wm–2was observed. Thiswasdue to the presenceof
largescatteringparticlesonhazyday inhibitingthesolarradiation
reaching the surface. Magnitude of change in surface forcing
(diurnally averaged) in SW region calculated using SBDART
(33.92Wm–2) is inagreementwith thePyranometerobservation












occurred. Study revealed that there was an enhancement of
daytime average air temperature a1.5°C on the hazy daywhen
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compared with the average temperatures of previous two days
(27–28March 2012)whereas nighttime difference observedwas
>2°C. This happened because the outgoing longwave radiation
from the Earth’s surface was trapped by the excess aerosols
prevailed on the hazy day and thereby increased the air
temperature. Since a deep pronounced aerosol rich layer was




We calculated the maximum possible effect on radiative
forcing during the normal and hazy days independently after
considering the maximum uncertainty involved in inputting to
SBDART. Study revealed that maximum uncertainty in radiative
forcing calculation at surface would vary about 2.13Wm–2 and
5.93Wm–2respectivelyonnormalandhazydays.Similarlyincase





In this studywe investigated the aerosol optical properties
and their radiative implications over eastern India during a haze
















x Huge spread of haze over the eastern Indian region was
observedbyMODISonboardTerrasatelliteon29March2012
atLT10:30andwas representedbyhighAOD550 (>0.55).This
could be due to a combination of fossil fuel and biomass
burning,localandlong–rangetransportofdustandsmoke.
x On the hazy day, columnarAOD500 enhanced respectively by
4.5 and 1.8 fold in comparison to clear and normal days;




x Significant increase in scattering coefficientwas observed on
thehazyday,which in turn increased the valueof SSA from
0.84to0.87incomparisontoanormalday.
x At the same solar zenith angle (40°), DDR had actually
increased 4.5 times at 496.6nm spectral band indicating the
presenceof largenumberof scattering particles on the hazy
daycomparedwiththeclearday.
x A threefold enhancementof aerosolbackscatteringhasbeen
observed below the ABL height on hazy night during 22:00–
22:30 LT compared to normal representative night of,
19March,2012.
x About 30% reduction of visibilitywas estimated on the hazy
daycomparedtonormaldayof19March,2012.
x Thehazydayischaracterizedbylargenegativesurfaceforcing
value (a–87.82Wm–2) in comparison to a normal day
(a–53.90Wm–2) as enhanced aerosols on hazy day obstruct
theincomingsolarirradiance.Alargepositiveenhancementof
atmospheric forcing (30.56Wm–2)wasobservedon thehazy
day.Maximumuncertainties in radiative forcingcalculationat
surface (atmosphere) vary between 2.13Wm–2 (4.62Wm–2)
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